Abstract: Extensive karst aquifers developed in compartmentalized dolomitic strata constitute important groundwater reservoirs in semi-arid parts of South Africa. Located in the vicinity of densely populated and increasingly water-stressed metropolitan areas of Gauteng, these aquifers are of strategic importance for future water supply. However, many of the dolomitic groundwater compartments are severely affected by deep-level gold-mining operations. Apart from large-scale dewatering and associated modification of spatial and temporal water availability, gold mining also adversely impacts on the quality of remaining water resources. The focus of this paper is on uranium, a chemically toxic radioactive heavy metal identified by a number of previous studies as the contaminant of concern. Point-and non-point sources of U associated with mining activities in the Wonderfonteinspruit catchment, as an example of a dolomitic gold-mining area, as well as pathways of U pollution are discussed. Associated U loads emanating from major sources are estimated. The results suggest that detected levels of U pollution in the catchment are not only caused by century-old mining activities but also by current operations and that U pollution of water is likely to continue well beyond the closure of mines.
INTRODUCTION
For long periods in the history of South Africa, gold mining was the most important pillar of the economy, initiating not only rapid urbanization and the development of commercial sectors but also contributing to the establishment of world-class infrastructure. However, in many cases gold mining activities also impacted significantly on the availability and quality of scarce ground-and surface water resources. In a water-stressed country such as South Africa (SA), with erratic, unevenly distributed rainfall and an ever-rising demand for water, pollution of large volumes of water rendering it unfit for human use is of growing concern to affected communities and governmental authorities. At the same time, SA approaches the limits of its mainly surface water-dependent supply systems, which include vast networks of national and international water-transfer and irrigation schemes as well as more than 500 governmental dams. Hence the focus of water policy in South Africa is increasingly shifting to groundwater as a long-neglected and largely underutilized resource (DWAF, 2004) .
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FRANK WINDE Dolomitic karst aquifers covering large areas of the interior plateau ("Highveld") are among the most important national groundwater reservoirs. Because many of these aquifers are located near severely water-stressed metropolitan areas such as Johannesburg and Pretoria, they are of high potential importance for future water supply strategies. However, currently many of the dolomitic aquifers are affected by deep-level mining activities, especially where they are underlain by auriferous reefs. Examples include parts of the East Rand goldfield (Blesbokspruit catchment), the Far West Rand goldfield (Wonderfonteinspruit catchment), and the Klerksdorp goldfield (Koekemoerspruit catchment).
OVERVIEW ON THE SITUATION IN THE STUDY AREA
The location of the study area within the gold mining areas of the Witwatersrand basin is shown in Figure 1 . The upper part of the Wonderfonteinspruit (WFS) is dominated by outcropping quartzites of the Witwatersrand Supergroup, displaying several auriferous reefs associated with the West Rand goldfield (Fig. 1) . Most of these reefs have been mined since the turn of the 19th century at depths varying between 0 and 2000 m below surface by mines, most of which are now defunct and/or abandoned. Large sand dumps and slimes dams associated with such mines are often not maintained for decades and heavily eroded. (Slimes dams-term commonly used in South Africa to refer to waste deposits of mines consisting of finegrained milled ore from which the metal of interest has been leached ["slimes," also known as "tailings"]. Slimes are hydraulically deposited near metallurgical plants as URANIUM POLLUTION OF GROUNDWATER I 335 a water-solid mixture ["slurry"] that forms flat-toped, pyramid-shaped structures ["dams"] after surplus water has evaporated.)
In the lower catchment, mining operations only commenced about six decades ago. By then a suitable cementation technology had finally been found that allowed shafts sunk through water-bearing dolomite to be sealed against large volumes of ingressing groundwater, which is mainly stored in a 50 to 150 m thick karstic zone of the upper dolomite (Brink, 1979) . As mining progressed, dolomitic groundwater infiltrated increasingly in underground mine workings to depths of 4000 m below surface. This is despite the fact that the actual karst aquifer is separated from the underground mine workings by more than 1000 m of practically impermeable, non-weathered dolomite and up to 3000 m of other non-dolomitic rock strata of extremely low permeability (Swart, James, et al., 2003; .
Due to increasing pumping costs and the potential danger of flooding the mine workings, it was decided in the early 1960s to dewater the affected dolomitic compartments as a matter of policy. Dewatering is a process where more water is pumped from underground mine workings than naturally can be replenished in the dolomitic aquifer. Discharging of the pumped water outside the catchment boundaries of the affected compartment to avoid recirculation leads to a gradual lowering of the groundwater table up to a point where a new stage of the dynamic equilibrium between water inflow and volume pumped out is reached. In the four dewatered compartments of the study area (named after nearby settlements as follows, from east to west: W-Gemsbokfontein, Venterpost, Bank, and Oberholzer), the groundwater table was lowered by up to 1000 m below original level in places. This draw-down of the groundwater table, however, not only led to the drying up of irrigation boreholes and dolomitic springs, but also triggered massive ground movements in near-surface karst areas in the form of sinkholes and dolines, frequently with disastrous consequences for residents and infrastructure (Jennings et al., 1965) .
In addition to the associated land degradation and adverse impacts on the availability of ground-and surface water in the area, mining also caused widespread pollution of remaining water resources. Emanating from a variety of point-and nonpoint sources, mining-related pollution in the area is mainly associated with high concentrations of sulfate and nitrate in mine effluents, acid mine drainage, and elevated concentrations of toxic heavy metals, mainly uranium. (Sulfate mainly originates from oxidized sulfides and sulfuric acid used by many gold mines in the past to leach U from auriferous ore. Although not toxic, high sulfate concentrations severely limit the fitness of water for many usages and contribute to water stress in semi-arid South Africa, where dilution to acceptable limits as practiced in many humid mining countries is not a feasible option due to the lack of water.) Uranium mainly originates from mined gold reefs where it accompanies gold. As part of a governmental program to secure strategically important U resources for military purposes initiated by the U.S. "Manhattan Project" in the mid-1940s to develop a nuclear bomb, from the early 1950s onward, U-rich gold reefs of the West Rand (WR) and Far West Rand (FWR) were increasingly used for large-scale production of U as a byproduct of gold. At one stage, 9 of the 22 gold mines in the two goldfields produced U in seven metallurgical recovery plants. The importance of this area for the South African U program at the time is illustrated by the fact that 336 FRANK WINDE the Nuclear Fuels Corporation of South Africa (NUFCOR), as one of the world's largest continuous producers of uranium oxide, was established there (GCIS, 2003) . After peaking in 1980, uranium production in South Africa declined steadily, leaving only one gold mine in the area currently (2005) still producing U. At all other mines U is no longer extracted from the milled ore and is discarded onto slimes dams together with the tailings (Winde and Sandham, 2004) .
Apart from historical and present impacts of mines, future implications of the inevitable closure of mines for water availability and quality are of major concern. Recently, highly U-contaminated, acidic mine water started decanting from an unused mine void in the headwaters region of the catchment, which had been flooded as a result of cessation of dewatering.
Owing to potential health risks associated with the U pollution of water, the radioactive heavy metal is of particular concern to local residents and downstream users such as the Potchefstroom municipality, where several hundreds of thousands of people depend on water from the WFS. In a number of previous studies conducted in the area, uranium was also identified as the major element of concern in terms of surface and groundwater contamination linked to mining activities in the Wonderfonteinspruit catchment (Kempster et al., 1996; Wade et al., 2002; Coetzee et al., 2002) .
However, with mining being present in the area for more than a century, significant proportions of the detected U pollution might have been caused by historic activities rather than by recent operations. Analyzing potential sources of U related to mining, this paper attempts to estimate whether (and if so, to what extent) current U sources may contribute to U pollution in the study area. Based on this, the uncertainty regarding the future water quality after the cessation of mining is addressed. Providing a conceptual inventory of potential U sources and pathways may also assist in a more comprehensive assessment of current and future risks associated with U pollution and contribute to current governmental efforts to develop water management strategies for the area.
SOURCES OF MINING-RELATED URANIUM POLLUTION

General
An overview on mining-related uranium pollution in the Witwatersrand basin is provided in Winde and Sandham (2004) . Mining of U effectively removes a certain amount of naturally occurring uranium from the area as a whole by extracting it from the ore and selling it to users outside the catchment, while simultaneously increasing U concentrations in the near-surface biosphere considerably. In addition to elevating U levels well above the natural background, mining also increases the mobility of uranium by milling and leaching the mined ore and exposing it to atmospheric conditions. With free water and oxygen as well as pronounced temperature fluctuations, the atmosphere constitutes a chemically much more aggressive environment than the almost inert geological setting several thousands of meters below surface from where the uraniferous ore was extracted. This is why uraniferous mining residues deposited on the surface are often of greater concern for possible U contamination of the adjacent environment than mined reefs as a primary U source.
Apart from mining residues, oxidized ore bodies in underground mine workings and ore-treatment facilities on the surface such as crusher plants, metallurgical plants, and their associated infrastructure (e.g., pipe, canals) also constitute potential sources of water contamination. Controlled discharge of contaminated mine and rain water into adjacent streams via canals and pipelines as well as accidental spills of process water into such systems are termed "point-source pollution." On the other hand, uncontrolled release of water from mining sites-for example, through seepage from slimes dams; contaminated rainwater runoff from rock and sand dumps, ore piles, and U production areas; as well as seepage from process water dams, evaporation facilities, canals, and pipelines-constitute "diffuse sources of contamination." While point-source pollution is usually confined to active mines and ceases when mining stops, the diffuse-source pollution usually remains a concern long after mine closure.
Once uranium is liberated from rock material and dissolved in water, it migrates in solution into receiving water bodies and other environmental components such as soil, air, and biota. Because U is not biodegradable, it tends to accumulate in the environment, often reaching off-site concentrations in sediments, soils, and biological matter that exceed those in the actual source of contamination. Under certain conditions, such contaminant reservoirs temporarily release accumulated pollutants and act as secondary sources of contamination . Secondary sources are outside the scope of this paper.
Source Types
U pollution in the WFS catchment is mainly caused by sources associated with gold-mining activities. However, possible contributions of indirect mining-related sources cannot be excluded. These include the production of uraniferous fertilizer (phosphates) and its application on agricultural land, impacts from NUFCOR's Uconcentrate refinery via several possible pathways as well as natural ore bodies in contact with free-moving water. However, in view of the contribution of mining operations to U pollution in the area, these sources are thought to be to be only of marginal significance.
Mining-related sources of U pollution can further be divided into "on-site sources," comprising all possible pollution originating from the actual mine property (lease area) and "off-site sources," comprising mining-related pollution sources outside mine boundaries-for example, eroded tailings particles transported into the adjacent environment, tailings material used to fill sinkholes of karst aquifers, and contaminated mining material used for construction purposes in nearby communities.
From a water management point of view, a division of sources according to their spatial extent into point and non-point (diffuse) is often useful. Typically, point sources relate to a controlled release of U (e.g., discharging mine effluents via pipelines) and commonly affect surface water bodies. In contrast, U release from nonpoint sources often cannot be controlled and mainly affects subjacent aquifers.
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Examples of both types of sources relating to U pollution of water are characterized in the following section.
Point Sources of U Pollution
A comprehensive overview of potential point sources of U contamination associated with gold and uranium mining in the WFS catchment is given in Winde (2005b) . In this paper, the focus is on three major types of point sources: (1) mining effluents (consisting of process water from metallurgical plants, fissure and service water from underground, surplus water from tailings storage systems, outflow from settling ponds, etc.); (2) domestic wastewater from mining-related sewage treatment systems; and (3) polluted runoff from storm water drainage systems of mines and adjacent municipalities.
Mining effluents. For the period of active U production between the early 1950s and the mid-1980s, it is likely that point sources contributed significantly to water pollution, because U was leached from the ore and therefore present at much higher concentrations in water circuits of metallurgical plants. Low recovery efficiency in the early days of the newly introduced U leaching technology and frequent process failures allowed for much of the leached U to leave the metallurgical plant along with the wastewater stream (Mc Lean, 1994) . Later, increasing recycling and re-use of process water also caused high U levels in discharges. In the early 1990s, after U production in many gold mines had ceased, Pulles (1991) reported an average U concentration of 0.74 mg/l for mining effluents across the Witwatersrand basin. Based on associated discharge volumes, it is conservatively estimated that point sources of gold mines in the study area annually discharge about 12 t U, mostly into the WFS (Winde, 2005b) . Compared to U loads found in streams of mining areas with comparable volumes of tailings deposits, such as the Lerchenbach stream (Culmitzsch) in the Wismut Region near Seelingenstädt, this is to be regarded as very high (Winde, 2000) .
Added to this are contributions of point sources that are not controlled, including spillages, leakage from pipeline and water treatment systems, and surface runoff from contaminated areas such as ore piles, slimes dams, etc. draining into storm water systems. Leakages from damaged reticulation systems in the area are likely to be above average due to increased seismic activity repeatedly damaging even surface buildings, and due to karst-related ground movements (sinkholes and subsidence) still occurring in the area several decades after dewatering commenced.
In addition to process water and contaminated surface runoff, groundwater seepage into underground mine workings (usually referred to as "fissure water" since it migrates into the mine void via cracks and fissures connected to the dolomitic aquifer several hundreds to thousands of meters above) must also be considered. As a result of contact with oxidized ore bodies and other possible U sources, such water was found to contain up to 11 mg/l U nat (Deelkraal Gold Mine, 1991) . However, the vast majority of fissure water pumped by mines into the WFS is of good quality, frequently diluting waste loads from areas upstream.
Domestic wastewater from mining-related sewage works. Workforces of gold mines in the order of tens of thousands of people produce sewage volumes comparable to those of many medium-sized towns in the area. The treated sewage originates mainly from tap water imported by water service providers such as "Rand Water," although some mines also use treated fissure water. Higher U concentrations in domestic wastewater from mines were linked, among other factors, to miners drinking U-contaminated water, such as chilled cooling water in underground mine workings, resulting in elevated U levels in urine (Deelkraal Gold Mine, post-1990) . Samples from toilet drains of changing rooms at shafts taken at several gold mines displayed U concentrations of 0.4 to more than 13 mg/l (Pulles, 1991) . Influx of contaminated sewage effluents was also identified as a cause of additionally elevated U levels detected in settling ponds that received U-polluted underground fissure water (Slabbert, 1996) .
Surface runoff from storm-water drainage systems. Although it is essentially a non-point source, rain water runoff becomes a point source of water pollution once it enters storm-water drainage systems, discharging the water collected from a much larger area spatially concentrated via several outlets into receiving water courses. Storm-water drainage systems collect rainwater runoff mainly from sealed surfaces such as tarred roads, concrete-covered areas, and roofs. Due to much higher runoff coefficients, this can result in almost 100% of the rainwater from such areas flushing untreated into nearby streams. Because it contains a wide range of heavy metals such as Pb (originates in petrol), Cd (abrasion of tires), Zn and Cr (corrosion of cars, gutters, roofing material), runoff from roads and other sealed surfaces constitutes a significant source of stream contamination (Winde, 1997) .
In addition, windblown dust from adjacent slimes dams is also frequently washed off from sealed surfaces nearby. Based on measured dust concentration, and the size and mean annual runoff volumes of affected areas, a sediment load of approximately 100,000 t per year was estimated to be discharged from storm-water drainage systems into receiving watercourses. With wind-blown tailings material containing an average U concentration >100 mg/kg, storm-water drainage systems discharge >10 t of particle-bound U per year mainly into the WFS (Winde, 2005b) . Other sources likely to contribute to the U contamination of stormwater include runoff from ore piles, rock and sand dumps, as well as from U plants where possible spillages of process water, dust, and U concentrate may occur. In addition, tailings particles eroded from nearby slimes dams are also transported into stormwater drainage canals. Rainstorms exceeding an intensity of a 1:50 per event will in most cases result in additional spills of runoff from slimes dams, overflowing the prescribed 0.8 m high free board of storm water retention dams. In some cases storm-water drainage channels are also illegally used to dispose of highly contaminated process water from gold mines (Parker, 1982) .
Non-Point Sources of U Pollution
Sinkholes filled with tailings material. Soon after dewatering commenced, a large number of sinkholes occurred within and near the stream bed of the WFS, where it crossed the dewatered compartments. By 2003 an estimated 1000 sinkholes had formed, many of which occurred in a 30 km long stretch of the WFS where (in 1987) some 271 sinkholes with a total volume of 2.45 million m³ were mapped. In order to reduce the infiltration of stream water and associated cost for pumping it from the mine void back to the surface, gold mines attempted to close these sinkholes by filling them with a mixture of waste rock material and tailings produced from nearby metallurgical plants. However, many of the filled sinkholes were later reactivated by rainfall-triggered erosion, and fill material washed into underground karst receptacles .
In several instances attempts to fill sinkholes failed despite large volumes of slimes being pumped into them for extended periods of time. Into one particular sinkhole at the Venterpost compartment a total volume of 77,000 m³ of tailings and waste rock was dumped, of which 35,000 m³ of tailings disappeared over night. Another sinkhole below a slimes dam in the Oberholzer compartment accepted more than 450,000 t (250,000 m³) of "raw slime" over a period of five months (January to May 1962) without the throat of the hole being closed (Louw, 1962) . A further 400,000 t (>222,000 m³) of slime was filled in a sinkhole of comparable small size and disappeared underground without filling the hole (E. J. Stoch, 2005, pers. comm.). The presence of oxidized slimes material in sinkholes and the dewatered aquifer is of particular concern, because leaching rates of U are likely to be significantly higher than in tailings deposits. Using geochemical modeling, Dill and James (2003) estimated that seepage from fill material may contain U concentrations between 60 mg/l and 310 mg/l.
With water in karst aquifers often flowing in open and defined channels, rates and distances of downstream transport can be orders of magnitude higher than in porous or fractured aquifers. This is of particular concern with respect to downstream dolomitic springs that still feed into the WFS. Long-term increases of the electrical conductivity in several of these springs that are located tens of kilometers downstream of the lowest slimes dams indicate such an impact.
Seepage from slimes dams. Owing to their large surface area and content of contaminants slimes dams are likely to be the single largest source of diffuse water pollution by mining. Along with some 1.1 billion t of gold ore that was milled by mines in the West Rand and Far West Rand up to 1998, more than 150,000 t of uranium were brought to the surface. With only about a quarter of it being extracted and sold, the majority of the mined U remained in tailings. The slimes dams of the West Rand and Far West Rand contain a total of more than 100,000 t of uranium (1998), reaching average concentrations in some mines of well above 300 ppm. The mass-weighted mean U nat concentration in all tailings of about 100 ppm (=146 ppm U 3 O 8 ) is about two orders of magnitude above the natural background in soils and surface rocks of the area, rendering slimes dams a potential source of U contamination (Winde, 2005b) .
While in tailings of U plants only 10% of the original U concentration of the ore is left, tailings of Au plants, which are not or no longer leached for uranium, contain 100% of the original uranium concentration, ranging from >50 mg/kg to >300 mg/ kg in average (Wymer, 1999) . Since milling significantly enlarges the surface area, tailings are more susceptible than solid ore to U leaching by acid rock drainage. This natural process is aided by bacteria and was under consideration to be used in industrial leaching of uranium from milled ore in the 1960s. It was found that under conditions of sufficient aeration, porewater of oxidized tailings displayed U concentrations of up to 150 mg/l (Matic and Mrost, 1964; Mrost and Loyd, 1977) . That means that eroded tailings, which are in general "sufficiently aerated" due to the transport from the slimes dams are particularly prone to accelerated release of U. Since acid generation and U leaching is impeded in water-saturated conditions, tailings washed into nearby streams (as frequently observed) might not act as sources of U as long as they are covered by water. During dry seasons, however, when the many ephemeral streams in the mining areas dry up, such tailings are likely to become rapidly oxidized and release U. The resulting water pollution is likely to be particularly pronounced after first rains of the following wet season, due to "first-flush" effects.
Seepage from slimes dams frequently displays significantly elevated concentrations of uranium, exceeding the discharge-unweighted mean of global background concentration for U in fresh water of 0.0004 mg/l by factors between 1000 and 1,000,000 (DWAF, 1996) . Based on conservative estimates of the total surface area covered by tailings dams in the study area, the volumes of received rainfall, and the rate at which uranium is leached from the tailings particles, a total of 24 t/a of dissolved uranium was calculated to be released into the environment from unlined tailings deposits alone. Draining directly into underlying aquifers or dewatered dolomite, it is a major cause of water contamination and very costly to control. Due to the cessation of U production in the mid-1980s and the associated increase of U levels in tailings of many gold mines, U concentrations in seepage from slimes dams are unlikely to decrease in the long-term. The problem is exacerbated by the fact that many slimes dams were deliberately placed on top of (permeable) karstic dolomite in order to enhance natural drainage of tailings porewater and reduce the risk of dam failure (Wolmarans, 1978) . Owing to the lowering of the erosion level, which was associated with the draw-down of the groundwater table after dewatering, subterraneous erosion by concentrated flow of water through the extended vadose zone was found to be the main cause of sinkhole formation. In view of this, the frequently observed formation of sinkholes on unlined slimes dams located on dolomite indicates significant volumes of seepage flow underneath such deposits.
A different situation is found in the non-dolomitic headwaters region of the WFS, where large parts of the (small) catchment are covered by heavily oxidized old sand dumps and slimes dams. Here much of the baseflow feeding into the WFS actually consists of acidic seepage from slimes dams migrating along shallow aquifers into the stream, as indicated by low pH values (3-4) and high electrical conductivity of the stream water. In dry winter months, when no uncontaminated rainwater dilutes such seepage, particularly high U levels in stream water of the WFS are likely. This is especially the case, because the very source of the WFS is buried under tailings deposits. According to a two-year study in the 90 km 2 large headwaters region of the WFS conducted in the early 1950s, seepage from slimes dams, which at the time only occupied about 7% of the total catchment area, accounted for 50% (3000 million gallons per year) of the total annual stream flow (Mrost, 1957) .
Most of the U pollution of groundwater by slimes dams is associated with seepage fed by water contained in the space between tailings particles of slimes dams (porewater). In active slimes dams, where tailings are still being deposited, porewater originates from applied slurry water seeping into underlying slimes as well as 342 FRANK WINDE from infiltrating rainwater. Originating in the metallurgical process, slurry water usually already contains elevated concentrations of dissolved salts and uranium when it is discharged onto the slimes dams. The area on which new tailings are deposited is called "paddock" and defined by little slimes walls containing the water-tailings mixture (slurry). Surplus water from the paddock decants into a vertical drain through the slimes dam ("penstock") placed in the center of the paddock to be stored in the return water dam for renewed use in the metallurgical process. With slurry flowing toward the penstock a puddle forms around it ("pool area") surrounded by a much larger area (about 95% of the total paddock area) of watersaturated tailings ("beach area"). Evaporation rates from the pool area are almost equivalent to the potential evaporation from open-water surfaces under Highveld conditions (as measured in Symon-or A-pans) and amounts to some 4 mm/d. Compared to this, evaporation at the beach area (of about 1 mm/d) only reaches 25% of this value, leaving more water to infiltrate into underlying tailings where it is largely protected from evaporation. This contributes to the formation of a phreatic surface (porewater table) several meters below the top of the slimes dam, which in turn drives seepage into underlying aquifers. In order to retain out-flowing seepage "toe dams" made of slimes material are installed at the foot of the slimes dam. The spontaneous formation of wetlands at the foot of slimes dams, which frequently can be observed, indicates a permanent elevation of groundwater levels in the vicinity of slimes dams due to the ongoing outflow of tailings seepage throughout the year (Winde and de Villiers, 2002) .
In addition to highly contaminated slurry water, also infiltrating rainwater contributes to the formation of the phreatic surface. In decommissioned slimes dams, infiltrating rainwater is the only source of porewater recharge that counterbalances seepage losses. Acidic leaching often significantly elevates U levels in seepage of old, decommissioned slime dams, where uncertain ownership and lack of maintenance allowed significant erosion to take place. Gully erosion of side walls results not only in tailings material being washed into adjacent areas but also increases leaching rates by exposing deeper layers of slimes to atmospheric oxygen. Leaching can further be enhanced by acidic rainwater found in many areas. Apart from causing erosion, runoff from side walls might also re-dissolve a highly U-contaminated salt crust on the surface of tailings. Where such runoff reaches adjacent streams, short-term peaks of U pollution moving downstream may result.
CHALLENGES FOR FUTURE WATER USE
Hosting large volumes of groundwater in the close vicinity of densely populated, water-stressed areas, dolomitic karst aquifers of the Far West Rand are of great potential importance as future sources of water supply. However, historic and current impacts of decades-old gold mining severely restrict the utilization of these resources in terms of both water availability and quality. While the cessation of mining and the associated rewatering of dolomitic compartments might improve the availability of water in the Far West Rand, findings presented here suggest that water quality is likely to remain poor for long periods of time thereafter. Having been the most important area for uranium production in South Africa for several decades, possible pollution of ground-and surface water with the radioactive heavy metals is now of particular concern to local residents and downstream users.
Based on conservative assumptions, a total U load of 46 metric tons was estimated to be released each year from some major mining-related sources into ground-and surface waters of the study area. Although much of the uranium is likely to be immobilized somewhere along the aqueous pathway from the source to the receptor, with sediments often acting as (temporary) sinks, it cannot be excluded that some U finally reaches local and downstream water users. For a number of major U sources, transport pathways into the aquatic environment have been identified along which a total of nearly 50 t U per year are transported into groundwater and surface water. Compared to other mining regions, this is an extraordinary quantity. In view of the fact that other potential sources and pathways of U pollution have not been included, this estimate is likely to understate the true extent of the problem.
Potential contributions to U pollution that were not considered include: the erosion of tailings dams and the associated transport of slimes material into adjacent streams; losses of highly contaminated process water through leakage from extensive pipeline systems; spillage of retained stormwater runoff from U-contaminated areas such as slimes dams, ore piles, metallurgical plants, etc.; return flow of process water used to irrigate vegetated slimes dams; seepage losses from evaporation pans (which can reach well above 90% in dolomitic areas; , unlined return water dams, and other reservoirs containing U-polluted water; and the decant of polluted groundwater from flooded underground mine voids into surface water systems.
The significance of the above sources and pathways varied over time. While controlled discharge from point sources became less important, the significance of diffuse sources such as seepage from slimes dams and tailings-filled sinkholes steadily increased. In view of the phasing out of U production in the 1980s (with attendant reductions in volumes of uraniferous process water being produced and in point discharge from overall mining activities), point discharges of mining effluents are likely to continue to decrease in future. At the same time contributions from diffuse sources such as slimes dams are likely to increase owing to elevated U levels in upper layers of many tailings dams where U leaching was stopped and due to the continuous growth in tailings volumes. The release of U from tailings is likely to be exacerbated in cases where appropriate maintenance of tailings deposits after mine closure is not secured and erosion, progressing oxidation, and acid mine drainage accelerate leaching of U. However, driven by recent price increases for U following growing global demand, possibilities of recovering U from slimes dams are currently being explored by the nuclear industry in South Africa (N. Rein, 2005, pers. comm.) . Should a suitable technology be found, large-scale extraction of U from the vast tailings deposits might help to reduce tailings-related U pollution.
The filling of sinkholes and the associated injection of uraniferous material into the currently dewatered aquifer may also increase diffuse water pollution once mining has ceased and recovering groundwater tables submerge such well-oxidized tailings material. The fact that both seepage from slimes dams and slimes material were introduced into the karstic aquifer is of particular concern, because high flow rates and low adsorption capacity, typical for karst systems, allow for far-reaching downstream transport of contaminants. Owing to close interaction between groundwater and surface in dolomitic regions, this is also associated with the pollution of surface water systems, which are currently used for the drinking water supply of a large population (Winde, 2005a) .
To what extent decanting water from flooded mine voids will add to the U pollution is difficult to assess as yet. Indications are, however, that such contribution can be significant because decant points in the upper part of the catchments had to be declared radioactive-contaminated sites by the National Nuclear Regulator due to excessive concentrations of U in the decanting groundwater. Assuming that premining spring flow rates can be re-established, approximately two-thirds of all future dolomitic spring flow feeding into the WFS (some 133 Ml/d) will consist of (contaminated) groundwater decanting from mine voids of previously dewatered compartments. With current pumping rates in these compartments significantly exceeding rates of pre-mining spring flow, even higher decant volumes (some 230 Ml/d) might be possible (Swart, James, et al., 2003b; Winde, 2005a) .
With concentrations in selected samples reaching up to several hundreds of mg U nat /l, U levels in the study area exceed the (discharge-unweighted) global background concentration of U in freshwater (0.0004 mg/l) by more than six orders of magnitude (i.e., a million times). U levels in many samples are also well above (tentative) South African guidelines for U concentration in water for domestic use (0.07 mg/l as the upper limit of the target water quality range) and for irrigation (0.01 mg/ l; DWAF, 1996) .
While water (such as seepage, process, and fissure water) that is contaminated to such an extent is often not easily accessible to the general public, water with less U, which however still significantly exceeds natural and regulatory levels, was also found in publicly accessible canals and streams, where it is taken for domestic use despite warning signs displayed at many of these sites. This might pose a significant health risk, especially to residents of informal settlements, where the lack of proper water service infrastructure invites the usage of free but contaminated water from such sources. Malnutrition and high HIV-infection rates among such residents may also increase the susceptibility to health problems caused by the radiological and chemical toxicity of ingested U. To this date no investigation aimed at establishing possible health implications in affected communities has been conducted in the study area.
How far users of the downstream water supply system of the Potchefstroom municipality are affected by U pollution is much more difficult to assess. Diluted by significant volumes of uncontaminated dolomitic water from the upper Mooi River and a comparable long flow distance of several tens of kilometers between the U sources and the extraction point at which much of the dissolved U may be immobilized, considerably lower U concentrations are to be expected in the municipal water supply system. Assessing associated health risks is complicated by a number of factors, including the lack of reliable data on effects of long-term low-dose exposure of humans to U in drinking water and limited understanding of the complex mechanisms and dynamics of U pollution and U transport in the aquatic environment (Winde and Sandham, 2004) .
CONCLUSIONS
Based on an inventory of major sources, pathways, and associated U fluxes, it can be concluded that current levels of U pollution are not exclusively caused by historical mining activities but also by current operations. U loads released from different types of sources are high in comparison to other mining regions and will continue well beyond the cessation of mining in the medium to long-term future.
Further research based on the presented source inventory, pathways, and estimated U fluxes needs to address the transport of U from the source to downstream users. An improved understanding of the transport mechanisms and dynamics is required for reliable predictions of future scenarios and determinations of hazard potentials and associated risks. Some of these aspects are addressed in part II of this paper (Winde, 2006) .
